Self-focusing and filamentation of nearly-Gaussian femtosecond laser pulses propagating in photosensitive silicate glass was investigated. The filamentation was visualized by the precipitation of NaF nano-crystallites along the beam pass after post-exposure treatment of photosensitive glass, which provides a direct proof that ionization of silicate matrix takes place along the filament propagation lines. Theoretical model of the multi-filamentation based on the propagation of a Gaussian beam with elliptical transverse intensity profile modulated by a spatial noise in a medium with multi-photon absorption is proposed.
INTRODUCTION
Light filamentation originating from powerful laser beams propagating in transparent media, and its underlying physical mechanisms have received considerable interest recently. High degree of localization of the electromagnetic radiation achieved in the filaments is potentially interesting for applications in fields related to materials processing and structuring, discharge control in air and gasses, LIDAR systems, etc. Filamentation is most easily induced with ultrashort laser pulses whose energy exceeds the self-focusing threshold in the medium.
EXPERIMENTAL DETAILS
Femtosecond pulses of about 130 fs duration were obtained from a Ti:Sapphire oscillator ( Tsunami) with regenerative amplifier (Spitfire, both from Spectra Physics) operating at the 800 nm central wavelength at the repetition rate of 1 kHz. The laser beam was passed through a variable attenuator and focused into the glass samples (whose properties will be given in the next Section together with experimental data) by plano-convex and axicon lenses. For plano-convex lens (f = 40 mm) the beam intensity was set ten times larger than the self-focusing threshold (approximately 1 .8 MW). To avoid the glass damage, the pulses were focused just in front of the sample, such that the laser beam entering the glass was initially diverging. At subsequent propagation stages the divergency was replaced by its self-collimation and filamentation.
Pulse duration at the focus was measured by Grenouille apparatus (Swamp Optics). An additional solid immersion lens was used to collimate the strongly divergent light before introducing it into the Grenouille apparatus which allowed to record time x spectrum image of the pulse from which pulse duration (FWHM) was retrieved by the frequency-resolved optical gating (FROG) algorithm (Femtosecond technologies). This part of the setup is described in more detail elsewhere. ' The laser beam quality was measured by the knife edge method and was not worse than the M2 = 1.3 along two perpendicular directions. Photo-sensitive Ce-doped silicate glass was used in order to visualize the filamentation by completing the exposure-annealing cycle. An example of the resulting filament traces ( Fig. 1) were then investigated by shearinterferometry to measure the induced refractive index changes. No observable changes of the refractive index were found in as-irradiated samples. Typical diameter of the filament was 1 -1.3 ,um with refractive index change of Lri -1 x iO due to the precipitation of NaF nano-crystallites along the path of the radiation where Ce3+ ionization with Ag+ reduction took place, and, consequently Ag° colloidal precipitation occurred during the annealing. The filament traces taken by this method allowed us to investigate the pulse self-focusing and splitting.
Studies of filamentation of Gauss-Bessel (GB) beams were conducted by transforming the beam of the above described laser system from Gaussian transverse profile to the GB one using an axicon lens. The axicon had wedge angle y = 0. 175 rad. The radial distance between the neighboring intensity maxima was approximately 55 ,um. The beam was imaged onto the sample using a telescope with demagnification factor of 3.3. Focusing by axicon at high fluence (the diameter of the central spot of the Gauss-Bessel beam was 2. 1 ,am at pulse energy of 400 iJ) a dotted-line damage pattern was recorded in borosilicate glass with dot-to-dot spacing of 9 1am. Filamentation of BG pulses was modeled numerically by including non-linear propagation and absorption phenomena using a (3D+1) code. The main observed features of the filamentation and damage were reproduced qualitatively well.
RESULTS AND DISCUSSION
Two distinct types of filaments were found in the cases of Gaussian and GB beams. Therefore, glasses that provided different means of visualization of the filaments were employed in these two respective cases.
Filamentation tracks of Gaussian beams in photo-sensitive glass
Filamentation of Gaussian pulses was investigated in photo-sensitive glass. The photo-sensitive glass (PSG) used in this study was obtained from Corning. Its composition (mol. %) was 15Na2O-5ZnO-4A1203-7OSiO2-5NaF-1KBr-O.OlAg2O-O.O1CeO22 with the concentration of other absorbing impurities below 1 ppm. Ce3+ dopant acts as a photosensitizer with absorption band centered at 308 nm. Usually, a UV irradiation initiates a photo-thermal process in PSG glass. In our experiments we used fs-pulse at 800 nm wavelength, hence, either a multi-photon absorption was responsible for the Ce3+ ionization or the glass matrix ionization with subsequent electron transfer on a Ce3+ site. Final result of exposure-thermal development of PSG is precipitation of dielectric micro-crystals of NaF in the bulk of the glass. This allows visualization of the sites were strong absorption took place.
The first step is the exposure of the glass sample to a near UV radiation by one photon process or by multi-photon absorption (at least two-photon process) , which produces an ionization of cerium ions according to Ce3+ + hi' = Ce4+ + e, where e is the electron charge. Silver ions present in glass then trap the electrons released from the cerium ions converting them to neutrals by Ag+ + e = Ag. This second stage corresponds to a latent image formation in a conventional photo-process. No significant coloration or refractive index variations occur in ../ Figure 1 . Optical images of filaments recorded by 130 fs pulses of 800 nm wavelength and thermo-developed in photosensitive glass. The fluence is marked in terms of threshold at which the traces were visible after the thermal development (from top to bottom: 1, 3, 5, and 10 thresholds, respectively). Direction of irradiation is shown by arrow; scale bar 100 tim. The depth of focus was approximately 10 m.
Photo-sensitive Ce-doped silicate glass was used in order to visualize the filamentation by completing the exposure-annealing cycle. An example of the resulting filament traces (Fig. 1) were then investigated by shearinterferometry to measure the induced refractive index changes. No observable changes of the refractive index were found in as-irradiated samples. Typical diameter of the filament was 1 -1.3 ,um with refractive index change of Lri -1 x iO due to the precipitation of NaF nano-crystallites along the path of the radiation where Ce3+ ionization with Ag+ reduction took place, and, consequently Ag° colloidal precipitation occurred during the annealing. The filament traces taken by this method allowed us to investigate the pulse self-focusing and splitting.
Studies of filamentation of Gauss-Bessel (GB) beams were conducted by transforming the beam of the above described laser system from Gaussian transverse profile to the GB one using an axicon lens. The axicon had wedge angle y = 0. 175 rad. The radial distance between the neighboring intensity maxima was approximately 55 m. The beam was imaged onto the sample using a telescope with demagnification factor of 3.3.
Focusing by axicon at high fluence (the diameter of the central spot of the Gauss-Bessel beam was 2. 1 jtm at pulse energy of 400 iJ) a dotted-line damage pattern was recorded in borosilicate glass with dot-to-dot spacing of 9 tm. Filamentation of BG pulses was modeled numerically by including non-linear propagation and absorption phenomena using a (3D+1) code. The main observed features of the filamentation and damage were reproduced qualitatively well.
RESULTS AND DISCUSSION
Filamentation tracks of Gaussian beams in photo-sensitive glass
Filamentation of Gaussian pulses was investigated in photo-sensitive glass. The photo-sensitive glass (PSG) used in this study was obtained from Corning. Its composition (mol. %) was 15Na2O-5ZnO-4Al2O3-7OSiO2-5NaF-1KBr-O.OlAg2O-O.O1CeO22 with the concentration of other absorbing impurities below 1 ppm. Ce3 dopant acts as a photosensitizer with absorption band centered at 308 nm. Usually, a UV irradiation initiates a photo-thermal process in PSG glass. In our experiments we used fs-pulse at 800 nm wavelength, hence, either a multi-photon absorption was responsible for the Ce3+ ionization or the glass matrix ionization with subsequent electron transfer oil a Ce3+ site. Final result of exposure-thermal development of PSG is precipitation of dielectric micro-crystals of NaF in the bulk of the glass. This allows visualization of the sites were strong absorption took place.
The first step is the exposure of the glass sample to a near UV radiation by one photon process or by multi-photon absorption (at least two-photon process) , which produces an ionization of cerium ions according to Ce3+ + hi' = Ce4+ + e, where e is the electron charge. Silver ions present in glass then trap the electrons released from the cerium ions converting them to neutrals by Ag+ + e = Ag. This second stage corresponds to a latent image formation in a conventional photo-process. No significant coloration or refractive index variations occur in PSG glass at this stage. The third stage is the diffusion and coalescence of silver atoms, which leads to creation of tiny silver crystals at temperatures 450 -500°C. These silver particles serve as the nucleation centers for sodium fluoride crystal growth at temperatures between 500°C and 550°C. It was found that after this stage, refractive index of the exposed areas decreases by about iO -iO compared to that of unexposed glass. Samples of PSG were annealed in the oven, which was pre-programmed to follow a smooth and constant ramp of ca. 20°C/mm to reach the aimed temperature of the development at 520°C without temperature overshoot. This is one of the key points allowing to obtain optically uniform samples, since the heterogeneous crystallization, which is taking place at the exposed regions during the development is close to a threshold of spontaneous crystallization of PTR glass, which starts at about 600°C3 and need to be avoided. Also, both the heterogeneous and spontaneous crystallization have different dependence on the annealing (induction) time and glass composition.3 Only the most homogeneously developed samples were used in this study.
Femtosecond pulses were focused in air by a plano-convex lens (f = 40 mm) in front of the entrance plane (at the distance of 3 -4 mm) of a slab of P5G. The pulse energy was kept below the breakdown threshold of air and the sample's surface, and did not exceed 0.2 mJ/pulse. The divergent beam of fs-pulses underwent self-focusing along the propagation inside the glass. After thermal development, the treks of filaments could be observed due to their lower refractive index as shown in Fig. 1 . The refractive index was measured by shear-interferometry, 2 and was typically Ln -1 x iO per single filament of approximately 2 or 5 m in diameter. When pulse energy was increased five times or more above the threshold of the filament recording, photo-luminescence (PL) was visible to a naked eye along the beam propagation path. The origin of the PL was ionization of the glass matrix (silicate), which is typically considered having electronic bandgap of 5.8 eV. The trek observed at the lowest laser power represents the waist region of the beam of approximately 6 ,m in the diameter. However, the fluence at which such traces were recorded is not known, since the actual diameter of the beam was altered by the self-focusing. Branching and filamentation occurred at three or more threshold values (Fig. 1 ). These filaments were smaller cross-sections than the traces recorded at the lowest laser power. The total waist diameter of the photo-modified region increased with laser power, and the foci were relocated towards the entrance plane, as would be expected in the case of self-focusing.
The visualization of the light filamentation in PSG proves that Ce3 has received an electron directly or via the conduction band as a result of the PSG matrix (silicate) ionization, which occurred along the path of light propagation. The ionization was the main source of electrons necessary to initiate the NaF precipitation. There are two main possibilities to ionize the glass matrix: (i) via spectral broadening and white light generation with its PSG glass at this stage. The third stage is the diffusion and coalescence of silver atoms, which leads to creation of tiny silver crystals at temperatures 450 -5000 C . These silver particles serve as the nucleation centers for sodium fluoride crystal growth at temperatures between 500°C and 550°C. It was found that after this stage, refractive index of the exposed areas decreases by about iO -iO compared to that of unexposed glass. Samples of PSG were annealed in the oven, which was pre-programmed to follow a smooth and constant ramp of ca. 20°C/mm to reach the aimed temperature of the development at 520°C without temperature overshoot. This is one of the key points allowing to obtain optically uniform samples, since the heterogeneous crystallization, which is taking place at the exposed regions during the development is close to a threshold of spontaneous crystallization of PTR glass, which starts at about 600°C3 and need to be avoided. Also, both the heterogeneous and spontaneous crystallization have different dependence on the annealing (induction) time and glass composition.3 Only the most homogeneously developed samples were used in this study.
Femtosecond pulses were focused in air by a plano-convex lens (f = 40 mm) in front of the entrance plane (at the distance of 3 -4 mm) of a slab of PSG. The pulse energy was kept below the breakdown threshold of air and the sample's surface, and did not exceed 0.2 mJ/pulse. The divergent beam of fs-pulses underwent self-focusing along the propagation inside the glass. After thermal development, the treks of filaments could be observed due to their lower refractive index as shown in Fig. 1 . The refractive index was measured by shear-interferometry, 2 and was typically zri -1 x i0 per single filament of approximately 2 or 5 im in diameter. When pulse energy was increased five times or more above the threshold of the filament recording, photo-luminescence (PL) was visible to a naked eye along the beam propagation path. The origin of the PL was ionization of the glass matrix (silicate), which is typically considered having electronic bandgap of 5.8 eV. The trek observed at the lowest laser power represents the waist region of the beam of approximately 6 ,m in the diameter. However, the fluence at which such traces were recorded is not known, since the actual diameter of the beam was altered by the self-focusing. Branching and filamentation occurred at three or more threshold values (Fig. 1) . These filaments were smaller cross-sections than the traces recorded at the lowest laser power. The total waist diameter of the photo-modified region increased with laser power, and the foci were relocated towards the entrance plane, as would be expected in the case of self-focusing.
The visualization of the light filamentation in PSG proves that Ce3 has received an electron directly or via the conduction band as a result of the PSG matrix (silicate) ionization, which occurred along the path of light propagation. The ionization was the main source of electrons necessary to initiate the NaF precipitation. There are two main possibilities to ionize the glass matrix: (i) via spectral broadening and white light generation with its blue spectral wing reaching the absorption band of Ce3 and the glass, or (ii) multi-photon absorption. The role of both mechanisms still needs to be established for various combinations of a material, photon energy, and focusing conditions. Moreover, it has been recently demonstrated that the ionization rate via multi-photon absorption in crystals is intensity-dependent.4 Figure 1 shows that the filaments begin and terminate at apparently random locations within the caustics of the beam. This suggests that it should be an inherent mechanism of the light flow around the ionized treks. The model based on a conical beam (Bessel-type beam) propagation may explain this phenomenon (Sec. 3.3. 1). This model favors the multi-photon absorption rather than the white light continuum generation for the explanation of the filamentation.
A seemingly abrupt onset of the filamentation can be caused by the sudden enhancement of multi-photon absorption at the power level of approximately 10 TW/cm2 ,as predicted by theory4 in transparent dielectrics. The same theory predicts that this threshold intensity, at which ionization increases abruptly, depends on the intra-atomic distance of dielectric, d, as IT o d2. Such scaling of light-induced breakdown threshold (full ionization of the focal volume) has been confirmed earlier in fluorides.5 Hence, the breakdown is expected to have certain intensity-dependent, but not fluence-dependent threshold. Such behavior was reported for the in-bulk optical damage of glass.6
The Mechanism of Multi-Filamentation
Historically, the first interpretation of multi-filamentation (MF) was given in ref. 7 as being due to the instability in the input beam modulation. If this is indeed the case, the number and locations of filaments within the MF patterns should be totally random. Recently it was pointed out that vectorial symmetry breaking occurs even for cylindrically symmetrical input beams,8 and beams having elliptical profiles can exhibit
In this case the random nature of the beam breakup could be suppressed by using special focusing geometries of cw beams and modulation of their envelopes. Possibilities to organize regular filamentation patterns in air by imposing either strong field gradients or phase distortions in the input-beam profile of an intense femtosecond laser pulse were experimentally demonstrated in ref.
." In this case filamentation starts with occurrence of the pair of filaments along the major axis of the ellipse, in addition to the central filament. By increasing the power of the incident beam, MF pattern "rotates" by 90 degree and filamentatiort along the minor axis becomes observable. Note that effect of the rotation of filaments was neglected in ref. ' 2 by the simplified model based on the NLS equation with saturating nonlinearity. The model presented below, in contrast, is capable of revealing the main features of the MF for both of the above discussed cases.
Since multiple filamentation involves a complete breakup of the beam's cylindrical symmetry, the complex scalar envelope A(x, y, z, t) of the beam in the nonlinear medium (including diffraction, self-focusing and nonlinear losses due to MPI) evolves according to the modified nonlinear Schrödinger equation in (2D + 1) dimensions. Specifically, the resulting equation for the field amplitude, A(x, y, z) in this case reads:
The intensity distribution of the incident radiation was taken in the form of an elliptical beam: blue spectral wing reaching the absorption band of Ce3 and the glass, or (ii) multi-photon absorption. The role of both mechanisms still needs to be established for various combinations of a material, photon energy, and focusing conditions. Moreover, it has been recently demonstrated that the ionization rate via multi-photon absorption in crystals is intensity-dependent.4 Figure 1 shows that the filaments begin and terminate at apparently random locations within the caustics of the beam. This suggests that it should be an inherent mechanism of the light flow around the ionized treks. The model based on a conical beam (Bessel-type beam) propagation may explain this phenomenon (Sec. 3.3. 1). This model favors the multi-photon absorption rather than the white light continuum generation for the explanation of the filamentation.
." In this case filamentation starts with occurrence of the pair of filaments along the major axis of the ellipse, in addition to the central filament. By increasing the power of the incident beam, MF pattern "rotates" by 90 degree and filamentation along the minor axis becomes observable. Note that effect of the rotation of filaments was neglected in ref. ' 2 by the simplified model based on the NLS equation with saturating nonlinearity. The model presented below, in contrast, is capable of revealing the main features of the MF for both of the above discussed cases.
Since multiple filamentation involves a complete breakup of the beam's cylindrical symmetry, the complex scalar envelope A(x, y, z, t) of the beam in the nonlinear medium (including diffraction, self-focusing and nonlinear losses due to MPI) evolves according to the modified nonlinear Schrödinger equation in (2D + 1) dimensions. Specifically, the resulting equation for the field amplitude, A(x, y,z) in this case reads:
The intensity distribution of the incident radiation was taken in the form of an elliptical beam:
A(x, y, 0) = Aoexp
qxw0 qyw0
with initial amplitude A0 = /PO/rw, beam waist w0 = 100 m, and curvature radius R0 = 2 cm, according to the experimental conditions described above. Parameters qy and Py characterize the beam ellipticity. Note, that the time dependencies of the filamentation of femtosecond pulses and, consequently, features of the generated spectra will not be considered here. Instead, we focus on the beam profile and the formation of the multiple filaments when propagating beams of the different incident power. The results of numerical modeling demonstrate, that ellipticity of the incident beam causes multiple filamentation in accordance with the scenario observed previously in water,12 by cyclically reforming from more pronounced vertical to horizontal structures with increasing beam power and propagation distance (not shown here).
In order to demonstrate noise induced MF we supplemented the incident beam with the noise conditioned by the higher Hermite-Gaussian modes in the form:
A(x,y,z=O) (/x\ (/y\ A8(x, y, 0) = a8
x Hm I I H I exp(z4mn), (3) m,n wo/r2m+n-1m!n!(m + n) \qxwoJ qywoJ were normalization factor a8 accounts for the 4% noise level, T?mn S the random phase of the mode TEMmn, and the mode indexes n and m run from 0 to 7 (excluding the case when both m =0 and n = 0) . Performing simulations with noisy profile (eqn. 3) added to the incident beam (eqn. 2) we have observed irregular structures of the multiple filaments starting at 1 cm and 2 cm for input beam power 7Pcr and l5Pcr, respectively (shown in Fig. 2 and Fig. 3 ). The numerical simulation presented above ( Fig.2 and Fig.3 ) explains qualitatively well the observed pattern of MF formation in photo-sensitive glass (Fig 1). 
Filamentation tracks of Gauss-Bessel beams
Earlier we have demonstrated the possibility of structural modification of glasses and polymers using femtosecond pulses delivered by GB beams 14 This method, combined with wet etching of exposed regions can be applied for the micro-channel and micro-funnel fabrication. '5 Technical grade borosilicate glass BK7 (Schott) was used for structuring by GB beams. Four sides of the glass samples were polished in order to observe photoinduced absorption, refraction, luminescence and structural modifications along and across the beam propagation directions. Structural modifications were inspected by the optical, confocal, and scanning electron microscopies. The power in the central spot of the generated GB beam depends on its diameter, r0, as well as pulse duration, t, and energy, E, in the initial Gaussian beam. higher than the self-focusing threshold for Gaussian pulses in glass Pcr 1.8 MW, even if about 25% power loss due to Fresnel losses is accounted for. It is obvious, that pulse selfaction is important and must be addressed under our experimental conditions.
A single damage line consisting of micrometer-sized damage dots resulted when high intensity GB pulses were launched into the borosilicate glass '3' 14) as is illustrated by Fig. 4 . The periodic dot arrangement has period of 9 m over a sub-millimeter range. After the exposures longer than 20 s, which were necessary in order to maximize the visibility of the dotted lines, large ablation areas (up to 20 m in diameter) could be seen on the surface of the samples (both glass and plexiglass) at the beam entrance spot (left side in Fig. 4 ). This circumstance, however, did not affect formation of dotted damage lines inside the material. Initially the origin of the doted pattern was explained as the result of occurrence of GB selfaction, which can be qualitatively explained in terms of interference of the Gaussian and Bessel counterparts of the beam.'5 However, the numerical simulations had not been able to reproduce experimental observation for the employed experimental conditions with initial amplitude A0 = /O/rW, beam waist w0 = 100 m, and curvature radius R0 = 2 cm, according to the experimental conditions described above. Parameters qy and Py characterize the beam ellipticity. Note, that the time dependencies of the filamentation of femtosecond pulses and, consequently, features of the generated spectra will not be considered here. Instead, we focus on the beam profile and the formation of the multiple filaments when propagating beams of the different incident power.
The results of numerical modeling demonstrate, that ellipticity of the incident beam causes multiple filamentation in accordance with the scenario observed previously in water,12 by cyclically reforming from more pronounced vertical to horizontal structures with increasing beam power and propagation distance (not shown here).
In order to demonstrate noise induced MF we supplemented the incident beam with the noise conditioned by the higher Hermite-Gaussian modes in the form: 2) we have observed irregular structures of the multiple filaments starting at 1 cm and 2 cm for input beam power 7Pcr and l5Pcr, respectively (shown in Fig. 2 and Fig. 3 ). The numerical simulation presented above ( Fig.2 and Fig.3 ) explains qualitatively well the observed pattern of MF formation in photo-sensitive glass (Fig 1) .
Earlier we have demonstrated the possibility of structural modification of glasses and polymers using femtosecond pulses delivered by GB beams 14 This method, combined with wet etching of exposed regions can be applied for the micro-channel and micro-funnel fabrication. '5 Technical grade borosilicate glass BK7 (Schott) was used for structuring by GB beams. Four sides of the glass samples were polished in order to observe photoinduced absorption, refraction, luminescence and structural modifications along and across the beam propagation directions. Structural modifications were inspected by the optical, confocal, and scanning electron microscopies. The power in the central spot of the generated GB beam depends on its diameter, r0, as well as pulse duration, t, and energy, E, in the initial Gaussian beam. higher than the self-focusing threshold for Gaussian pulses in glass Pcr 1 .8 MW, even if about 25% power loss due to Fresnel losses is accounted for. It is obvious, that pulse selfaction is important and must be addressed under our experimental conditions.
A single damage line consisting of micrometer-sized damage dots resulted when high intensity GB pulses were launched into the borosilicate glass'3' 14) as is illustrated by Fig. 4 . The periodic dot arrangement has period of 9 ,um over a sub-millimeter range. After the exposures longer than 20 s, which were necessary in order to maximize the visibility of the dotted lines, large ablation areas (up to 20 pm in diameter) could be seen on the surface of the samples (both glass and plexiglass) at the beam entrance spot (left side in Fig. 4 ). This circumstance, however, did not affect formation of dotted damage lines inside the material. Initially the origin of the doted pattern was explained as the result of occurrence of GB selfaction, which can be qualitatively explained in terms of interference of the Gaussian and Bessel counterparts of the beam.'5 However, the numerical simulations had not been able to reproduce experimental observation for the employed experimental conditions 5OWB (c) (pulse energy, telescope and axicon geometries) . It is noteworthy, that a dotted-line damage was observed earlier in silica glass under tight focusing conditions of femtosecond Gaussian single pulses.'6 In the next section 3.3.1 we present a theory,'7 which can achieve a quantitative explanation of the observed phenomenon.
Interpretation of Gauss-Bessel beam self-action
The main aim of the analysis given in this section is to evaluate the main factors leading to filamentation and self-action of GB beams seen in the experiments. For this purpose we have performed numerical simulations using an extended paraxial model which describes the propagation along of a linearly polarized laser pulse along the z-axis direction.'7 We focus on the effects arising from the conical nature of the GB beam and will therefore neglect the possible defocusing due to the electron plasma created due to multi-photon absorption. Note, that despite the simplicity of this model, it has been demonstrated to describes the key features of the asymptotic evolution of the filament and its surrounding rings in water,18 even under continuous wave excitation.
a)
Distance, 1m 5OWB (c) (pulse energy, telescope and axicon geometries) . It is noteworthy, that a dotted-line damage was observed earlier in silica glass under tight focusing conditions of femtosecond Gaussian single pulses.'6 In the next section 3.3.1 we present a theory,'7 which can achieve a quantitative explanation of the observed phenomenon.
. 1. Interpretation of Gauss-Bessel beam self-action
a)
Distance, 1m
Considering the borosilicate glass as a nonlinear medium, here the model of "filamentation without self- 18 extended by including time-dependent terms (up to the second order) Specifically, we consider evolution of a linearly polarized beam propagating with central frequency w0 and wave-number k = won/c. Here n = 1.453 is the linear refraction index of the borosilicate glass at propagation wavelength A = 800 nm. Since we are going to concentrate on spatio-temporal effects and will not involve multi-filamentation into consideration, the cylindric symmetry can be assumed. In this case, a complex scalar envelope A(r, z, t) of the beam in the nonlinear medium (including diffraction, dispersion, self-focusing and nonlinear losses due to MPI) evolves according to the modified nonlinear Schrodinger equation in dimensions. In the reference frame of the adopted where k" = 82k(w)/Dw2 is a second order dispersion coefficient, z is propagating distance, 2 is the nonlinear index of refraction, k = wno/c is the wave-vector amplitude and 3(K) the multi-photon absorption coefficient.
The band-gap of borosilicate glass Wg 5.8 eV suggests that multi-photon absorption starts with fivephotons accounting for a single photon energy of 1.4 eV at ,\ = 800 nm. Therefore nonlinear losses with K = 5 will be accounted for. Equation 4 should be solved with appropriate initial and boundary conditions. We suppose that initial GB beam amplitude has the form:
WG p with an initial amplitude A0 = /2Po/irw, where tUB and tuG, are waists of the Gaussian envelope and the central maximum of the GB beam, respectively; t is the pulse duration. Po here stands for the power of the central core of the GB beam at the pulse maximum on the entrance. For a laser pulse, these conditions would imply that the propagation of the pulse's maximum is followed in time and space. Equation 4 was numerically integrated for k1 = 1m1 . In this case the diameter of the central spike of the GB beam: WB 2/k1. (5) approaches value of 2 m of the central lobe of GB beam, as it was used in experiments (see Sec. 3.3). Usual split-step procedure to separate nonlinear equation into dispersive and nonlinear parts and solve them at each step separately was used in the numerical code. A fast Fourier transform (FFT) to wave-number-frequency domain was used for dispersive steps. After inverse FFT back to the space-time representation, the fourth order Runge-Kutta procedure was used to evaluate the nonlinear step.
To clarify the effect of the Gaussian envelope of GB, we perform calculations for the "Gaussian" waists WG 10 x WB, 25 x WB and 50 x WB (Figs. 5 and 6 ). The occurrence of the axial periodicity is clearly visible. A physical interpretation of this phenomenon can be given in terms of interference of the GB beams of different k1 . At high pulse energy and power, higher order GB beams develop along the beam propagation as can be recognized in spatial spectra on Fig. 6 .
The axial periodicity of self-focused GB beam was observed in earlier experiments.'9 The periodicity in these observations was related to the interference of self-focused fringes of a Bessel beam in the low intensity regime, rather than the predictable point of the beam collapse (in the absence of arrest mechanisms) . In this (linear) case, interval between the oscillating maxima was estimated to be as large as the Rayleigh range of the central peak itself of the Bessel beam, such that 2k/k 6.3 m for k1 = 1gm. Here we show that high intensity regime during which multiphoton ionization processes and nonlinear losses govern the evolution of the GB beam to a great extent, differs substantially from these estimates. It is instructive to note here that self-focusing length for the Gaussian beam having waist 2.5 tm and containing power ten times over the critical one, does not exceed 5gm. Nevertheless, neither pure Gaussian, nor Bessel-Gaussian beam will not follow these predictions in case when any mechanism (dispersion of fs pulses, vectorial effects or nonlinear losses) which arrest the beam collapse is accounted for.
Considering the borosilicate glass as a nonlinear medium, here the model of "filamentation without self- 18 is extended by including time-dependent terms (up to the second order). Specifically, we consider evolution of a linearly polarized beam propagating with central frequency w0 and wave-number k = won/c. Here n = 1.453 is the linear refraction index of the borosilicate glass at propagation wavelength A = 800 mm. Since we are going to concentrate on spatio-temporal effects and will not involve multi-filamentation into consideration, the cylindric symmetry can be assumed. In this case, a complex scalar envelope A(r, z, t) of the beam in the nonlinear medium (including diffraction, dispersion, self-focusing and nonlinear losses due to MPI) evolves according to the modified nonlinear Schrodinger equation in dimensions. In the reference frame of the adopted where k" = 82k(w)/Dw2 is a second order dispersion coefficient, z is propagating distance, n2 is the nonlinear index of refraction, k = wno/c is the wave-vector amplitude and 3(K) is the multi-photon absorption coefficient. The band-gap of borosilicate glass Wg 5.8 eV suggests that multi-photon absorption starts with fivephotons accounting for a single photon energy of 1.4 eV at ,\ = 800 nm. Therefore nonlinear losses with K = 5 will be accounted for. Equation 4 should be solved with appropriate initial and boundary conditions. We suppose that initial GB beam amplitude has the form: r2 t2
A(x, y, z = 0) = A0 exp ------Jo(k1r), (4) WG p with an initial amplitude A0 = /2Po/irw , where WB and wG , are waists of the Gaussian envelope and the central maximum of the GB beam, respectively; t is the pulse duration. P0 here stands for the power of the central core of the GB beam at the pulse maximum on the entrance. For a laser pulse, these conditions would imply that the propagation of the pulse's maximum is followed in time and space. Equation 4 was numerically integrated for k1 = 1m1 . In this case the diameter of the central spike of the GB beam: WB 2/k1. (5) approaches value of 2 m of the central lobe of GB beam, as it was used in experiments (see Sec. 3.3). Usual split-step procedure to separate nonlinear equation into dispersive and nonlinear parts and solve them at each step separately was used in the numerical code. A fast Fourier transform (FFT) to wave-number-frequency domain was used for dispersive steps. After inverse FFT back to the space-time representation, the fourth order Runge-Kutta procedure was used to evaluate the nonlinear step.
The axial periodicity of self-focused GB beam was observed in earlier experiments.'9 The periodicity in these observations was related to the interference of self-focused fringes of a Bessel beam in the low intensity regime, rather than the predictable point of the beam collapse (in the absence of arrest mechanisms) . In this (linear) case, interval between the oscillating maxima was estimated to be as large as the Rayleigh range of the central peak itself of the Bessel beam, such that 2k/k 6.3 m for k1 = 1gm. Here we show that high intensity regime during which multiphoton ionization processes and nonlinear losses govern the evolution of the GB beam to a great extent, differs substantially from these estimates. It is instructive to note here that self-focusing length for the Gaussian beam having waist 2.5 ,am and containing power ten times over the critical one, does not exceed 5gm. Nevertheless, neither pure Gaussian, nor Bessel-Gaussian beam will not follow these predictions in case when any mechanism (dispersion of fs pulses, vectorial effects or nonlinear losses) which arrest the beam collapse is accounted for.
CONCLUSIONS
We have studied self-focusing and filamentation of nearly-Gaussian femtosecond laser pulses in photosensitive silicate glass. The filamentation has been imaged by the precipitation of NaF phase along the beam pass after post-exposure treatment of photosensitive glass, thus providing a direct proof that ionization of silicate matrix takes place along the filament propagation lines. We have proposed a theoretical model according to which formation of multi-filaments was simulated by the addition of noise into the elliptical transverse intensity profile of the beam. Numerical modeling of propagation of Gauss-Bessel pulse in a medium with multi-photon absorption has been found to reproduce qualitatively the dotted damage lines resulting in the borosilicate glass.
